The current standards in radiotherapy of high-grade gliomas (HGG) are based on anatomic imaging techniques, usually computed tomography (CT) scanning and magnetic resonance imaging (MRI). The guidelines vary depending on whether the HGG is a histological grade 3 anaplastic glioma (AG) or a 
For radiation oncologists, high-grade gliomas (HGGs) are a very exciting topic, but also a frustrating one. In terms of evidencebased medicine, no significant progress has been made since the concomitant and adjuvant addition of temozolomide (TMZ) to radiotherapy. The European Organisation for Research and Treatment of Cancer-National Cancer Institute of Canada (EORTC-NCIC) randomized phase III trial [1] was published in 2005 and dealt only with glioblastoma multiforme (GBM, WHO grade 4), and not with anaplastic gliomas (AG, WHO grade 3) [2] . Since then, despite new concepts in HGG knowledge and numerous innovations in imaging and linear accelerator (LINAC) technologies, no clinically relevant progress has been made for these patients. Why does this discrepancy exist, and what are the "next steps"?
We first review the historical background that defines the current standards for radiotherapy of HGG, then present new concepts and the most promising innovations in imaging and LINAC technologies. We then describe the most relevant image-guided radiotherapy trials, identify the main bottlenecks and their potential solutions, and end with short-term perspectives.
Rationale for Two Distinct Standards in Radiotherapy of Grade 4 vs. Grade 3 HGG
The current situation: an unsatisfactory compromise between efficacy and toxicity Within the group of HGGs, the last 2007 WHO classification distinguishes grade 4 GBMs (astrocytomas) from grade 3 AG using their highly infiltrative characteristics. In GBMs, lesions are more systematically and strongly enhanced after gadolinium (Gd) injection and are associated with central necrosis. In contrast, AG often shows non-enhanced areas, which are nevertheless clearly demonstrated in pathologic examination by multiple stereotactic biopsies, with a strong hypersignal in T2/fluid-attenuated inverse recovery (FLAIR)-weighted sequences [3] . Because of its superior spatial resolution, magnetic resonance imaging (MRI) is favored in the management of HGG, but its superiority over computed tomography (CT) scan has not been clinically demonstrated. The peritumoral environment of HGG is known to include highly variable proportions of both vasogenic edema and important populations of glioma cells. Consequently, the Radiation Therapy Oncology Group (RTOG) and the EORTC recommend considering these T2 hyperintensity regions as either a macroscopically pathologic volume [defined as the gross tumor volume (GTV)] or as a microscopically pathologic volume [defined as the clinical target volume (CTV)], depending on the glioma grade and the research groups or organizations (RTOG or EORTC).
For patients with GBM, two techniques are available, during which the RTOG defines an overall larger target volume, possibly increasing acute and late toxicities [4] . The EORTC favors a single-phase technique, consisting of 30 fractions of 2 Gy. The GTV is defined as the region of enhancement (without edema) on preoperative CT/ MRI for patients who underwent biopsy or the surgical tumor bed plus any residual enhancing tumor that is seen on the planning scan in patients who underwent resection. Co-registration of pre-and postoperative MRI/CT is strongly encouraged. The CTV is defined as the GTV plus an isotropic margin of 2 cm (3 cm max), but this margin can be reduced in anatomic regions where spread is unlikely, such as bony structures and adjacent normal meninges. The planning target volume (PTV) adds 0.5 to 0.7 cm, depending on the centers and LINACs. In the case of complete or large surgical removal, the position of the tumor bed may have shifted, and the CTV should take into account the new position of the abnormalities on the planning scan.
The RTOG favors a cone-down technique, which uses two different volumes. The GTV is defined in a manner identical to that of the EORTC recommendation and in the RTOG trials 0825 and 0913 [5] . The CTV should include any edema shown on the CT/MRI scan (T2/FLAIR hyperintensity), and the PTV1 should include the CTV with a margin of 2.0 cm, as well as a margin to account for set up accuracy. If no edema is present, then a margin of 2.5 cm should be added. Clinical judgment may be used to adapt the PTV1 by excluding sensitive structures, such as the optic chiasm. The PTV1 is treated with a dose of 46 Gy in 23 fractions. The PTV2 should include the GTV with a margin of 2.5 cm plus set up error, and the PTV2 should be treated with 14 Gy in 7 fractions, for a total cumulative dose of 60 Gy.
For grade 3 patients, as described in the ongoing EORTC and RTOG trial 26053 [6] , the GTV is defined as the entire region of high signal intensity on the T2-weighted MRI images or FLAIR sequences (corresponding to the hypodense area on CT images), plus the region of enhancement on postoperative CT/MRI if available, or as the region of enhancement on preoperative CT/MRI if postoperative imaging is not available, plus the tumor resection margin. In some cases, no enhancement can be seen, and GTV is defined according to the T2 abnormality. The CTV is defined as a 1.5 to 2.0 cm volumetric expansion of the GTV, and the PTV will add 0.5 to 0.7 cm, depending on the centers and LINACs. A total dose of 59.4 Gy in 33 fractions of 1.8 Gy (single phase) is recommended.
Importantly, the EORTC guidelines strongly recommend keeping the dose to the normal brain without the PTV ideally below 60% of the prescribed dose (36 Gy). Recent studies suggest that larger irradiated volumes could be directly responsible for clinically relevant toxicities [7] . An isotropic expansion of 15 mm from the GTV to the CTV is now generally accepted, as it was in the EORTC 26062 trial for GBM patients over 65 years old. Particularly for grade 3 glioma patients, but also for grade 4 long-term survivors, the fear of excessive neurologic toxicity still justifies the recommended total dose of 59.4 to 60 Gy, with a fractionation of 1.8 to 2 Gy per day and 5 fractions per week.
The classical dose escalation concept: still a non-evidence-based challenge
Even if an improvement in local control and survival was shown in HGG when the radiation dose was escalated from 40 to 60 Gy [8] , more than 85% of HGGs still recur within the field. Delivering more than 60 Gy seems logical, but the only prospective randomized trial (RTOG 93-05) failed to demonstrate any advantage in favor of an anatomic MRI-guided stereotactic dose escalation concept [9] . However, it is clear that the rationale still exists [10, 11] , and a total dose of 70 to 72 Gy is clinically tolerable for selected patients, providing that advanced imaging techniques are used, with less than 10% radiologic necrosis and with less than half of these patients having clinically relevant lesions, such as sensorimotor deficit or surgery needed for necrosis [12, 13] . The real question is the efficacy endpoint. Could higher doses be beneficial for HGG patients, in terms of better local control and survival? A better knowledge of HGG natural history and advances in imaging and technology could help answer this question.
New Concepts and New Technologies Are Promising
New concepts HGG has to be considered a continuum of heterogeneous tumors with intricate and mixed biological profiles that exhibit strong capacities to develop early resistance to treatments. The mean age for patients with grade 2 gliomas is 40 to 45 years, whereas it is 50 years for patients with grade 3 gliomas and 60 to 65 years for patients with glioblastomas. This probably depicts the natural history of these tumors, which develop an increasingly heterogeneous profile with time, as a real continuum.
HGGs are among the most heterogeneous solid tumors in oncology, and glioma cell invasion is a multistep process [4] . Within the same HGG, populations of grade 2, grade 3, and/or grade 4 glioma cells probably coexist, some with high mitotic activity and a proangiogenic profile, whereas others are mostly necrotic or quiescent; these latter cells exhibit the predominantly infiltrative characteristics with a rather low metabolic activity [14] . Consequently, the academic concept of homogenously delivering "the right dose to the right volume" seems clearly inadequate. Furthermore, the capacity of these HGGs to increase their aggressiveness, even during the very early chemo-radiation period, has been demonstrated. The invasiveness of irradiated glial cells is increased, and an angiogenic HGG with massive edema can evolve with time into a mostly infiltrating tumor after a long exposure to anti-angiogenic drugs, such as bevacizumab. Adaptive radiotherapy is one treatment strategy that should be considered for these very "clever" tumors.
The new paradigm of unhomogenously delivering and adapting the right dose to the right volume seems clearly more adequate than the "homogeneity" principle, but more sophisticated tools are needed, namely advanced imaging with new algorithms, ad hoc softwares for reliable co-registrations [15, 16] , high-tech LINACs, and new mathematic modeling of tumor progression for dynamic prediction of tumor growth [17, 18] . As an early step in radiotherapy is tumor delineation, there is an urgent need for better dynamic visualization of these new "biological targets," beyond the conventional CT scanner and the anatomic MRI, which disclose only static captures of a HGG at a single moment.
New technologies: advanced imaging techniques and high-tech LINACs are available
Advanced imaging: magnetic resonance spectroscopy (MRS), perfusion and diffusion MRI, and positron emission tomography (PET)
The potential imaging of biomarkers of tumor invasion is highly interesting [4] . Even the high soft tissue resolution of MRI has failed to improve the direct visualization of the real tumor margins, and HGG cells extend widely and in a non-isotropic way beyond the limits of the T2 hypersignal, up to 25 mm in most cases [3] . The need for more biological imaging is evident, as this will simultaneously spare more normal brain volume and will better target the HGG's minimal extension into the brain parenchyma.
These advanced imaging techniques provide so-called functional information on cellularity (diffusion MRI), angiogenesis (perfusion MRI), metabolic activity (PET and MRS), and cellular proliferation (PET and MRS). For each of these techniques, direct association between the images and the histological reality has been demonstrated by image-guided stereotactic biopsies [19] [20] [21] . MRS can yield proton (1H) spectra from selected areas within the brain, from which levels of cellular metabolites can be derived. Among these metabolites, choline-containing compounds (Cho) and N-acetylaspartate (NAA) could act as potential biomarkers for tumor activity. Cho is a membrane component that is increased in viable tumors, whereas NAA is a neuronal marker that is decreased in tumors due to neuronal loss. Gliomas show a marked high resonance in the spectral region of Cho and/or a low NAA resonance, implying increases in the Cho/NAA ratio [4, 16] . Pirzkall et al. [22] developed an abnormality Cho/NAA index (CNI) and showed that a metabolically active tumor (defined as CNI > 2) was observed outside of the MRIdefined volumes in a non-isotropic manner.
Overall, 30% to 50% of the T2 hyperintense lesions outside of the contrast-enhanced area had a CNI > 2.5. In another study, using the Cho/creatinine (Cr) ratio as an alternative marker of metabolic activity [23] , MR anatomic post-contrast T1 sequences overestimated the GTV (defined by Cho/Cr ratio of > 3) by 40%, and, at the same time, T2-based imaging overestimated the CTV (defined by the Cho/Cr ratio of > 1) by 30% in half of the patients, suggesting the overtreatment of normal brain tissue. However, many limitations for the routine use of MRS persist, as the presence of clips, clotted blood, and skull bone highly degrade its quality and reliability. Moreover, the smallest voxel size is 10 mm × 10 mm × 10 mm, which is much larger than the voxel size of the CT and MRI used for radiotherapy planning (1 mm in-plane resolution). Decreasing the size of each voxel to improve the spatial resolution can notably increase the scan time and decrease the signal-to-noise ratio; consequently, the use of 3T MRI could be a partial answer.
Perfusion-weighted (PWI) MRI measures the temporal changes of T1 or T2* signal intensity caused by the passage of intravascular contrast agent (usually gadolinium) delivered to the capillary bed of the tissues. Using pharmacokinetic models with an artery input function allows for the evaluation of the association between vascular perfusion and permeability, which is increased in the region of interest in gliomas of higher histological grades. Dynamic susceptibility contrast-enhanced MRI uses T2*-weighted gradient echo-planar imaging (EPI) sequences, which are acquired during the first pass of the Gd injection, to characterize the cerebral blood volume (CBV) at the tissue level. On the other hand, dynamic contrast-enhanced MRI exploits the T1 contrast phase to monitor tracer dynamics and provides a reliable semi-quantitative measurement of microvascular permeability. It was shown that relative CBV and permeability could have independent prognostic values in unfavorable grade 2 gliomas and in HGG [24, 25] . A threshold of 1.75 was used as a cut-off value for grading, and perfusion/permeability maps were also shown to be useful in differentiating active glioma from post-radiation necrosis [26, 27] . As HGG usually presents with anarchic angiogenesis, an abnormal permeability could be a surrogate marker for tumor aggressiveness, whereas perfusion could be an indicator of HGG volume. Therefore, it could be of interest to exploit these rapidly acquired T2* sequences, which only add a few minutes of treatment time, and this non-invasive tool for better radiation delineation of highly active areas of the HGG (Figures 1 and 2) .
Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) are MRI methods that produce images to help identify tumor cellularity and boundaries. In DWI, a loss of image intensity of each voxel reflects the rate of microscopic water diffusion (apparent diffusion coefficient). DTI evaluates the preferred direction of HGG infiltration by different tensor metrics, some of which are robust, such as fractional anisotropy or the mean diffusivity index, and some use new mathematic algorithms for better sensitivity and specificity [28] . As HGG preferentially spreads along the white matter tracks, this ability to "image" tissue infiltration could be complementary to the perfusion/ permeability metrics, which visualize only angiogenesis.
In PET, measuring the uptake of amino acids by using either 11 C-methionine (MET) or 18 F-fluoroethyl-L-tyrosine (FET) has been shown to be a more reliable method of visualizing brain tumor metabolism than using 18 F-fluorodeoxyglucose (FDG) [21, 29] . Studies that fuse MRI and MET-PET images have shown that the volume of increased MET uptake is greater than the volume of Gd enhancement on T1-weighted MRI, and, although it is smaller than the volume of T2 hypersignal, it extends beyond T2 in most cases. Authors have shown that high MET uptake was visible 0.8 to 3 cm beyond the T1 contrast enhancement in 69% of cases [12] . However, a main issue concerning MET-PET is that the tracer exhibits a very short half-life and is hardly available in routine clinics; however, alternative tracers have been proposed. 18 F-fluorothymidine (FLT), which is known to be actively taken up into dividing cells, has an excellent contrast-to-background ratio [30] , and studies measuring FLT uptake have shown that it associates well with tissue markers of proliferation. However, even if areas of abnormality are larger than those visualized on MRI when using image-guided biopsies, it has also been shown that FLT could underestimate the extent of the tumors in half of the cases [31] . FET-PET and MRI data of GTV were compared. It was found that the size and geometric location of the GTVs, as defined by the biological tumor volumes, differed in a majority of the 17 evaluated patients [32] . Recently, other authors have proposed to integrate FET-PET for target volume definition in the contouring process to avoid larger incongruence between anatomic and biological imaging techniques [33] . Biopsy validation of PET with another amino acid tracer, 18 F-dopamine (DOPA), and its biodistribution in gliomas for radiation target delineation were recently published in a series of 10 patients and 23 biopsy specimens. A maximum standardized uptake value (SUVmax)-based threshold was proposed to define the highgrade portions of the gliomas when delineating the radiation boost volumes [21] . Notably for each technique, the authors claim that their imaging biomarker has an independent prognostic value, such as the ratio of cerebral blood volume (rCBV), the Cho/NAA ratio in MRS, and the ratio of SUVmax in PET. Consequently, these markers could be useful in three situations: 1) to help radiotherapy in target delineation; 2) to better predict outcome; and 3) to monitor therapeutic response [34] [35] [36] [37] [38] . Finally, all of these functional imaging techniques probably identify similar, more active target areas [39] . However, it is also possible that dividing and infiltrating cells appear to represent clusters of distinct tumor phenotypes and that most invasive cells will not be highly dividing [14, 40] . Once the individual biological GTVs and organs at risk (OaR) are delineated, these volumes need to be transferred through the ad hoc treatment planning system (TPS) into the LINACs, using the most robust and reliable mathematic models, algorithms, and techniques.
High-tech LINACs: stereotactic and/or intensitymodulated radiotherapy (IMRT)
Progress has been made in LINACS technologies to better shape the final PTV. Micromultileaf collimators of a few mm thickness, which are highly reliable and non-invasive immobilization devices, enable sophisticated stereotactic radiation delivery and are usually associated with IMRT, making simultaneous integrated boost (SIB) feasible, even for very small or large complex-shaped targets. Sparing OaR, such as the cochleas, brainstem, and hippocampus, together with lowering the integral dose to the normal brain is possible, even when delivering high doses to large target volumes [41] [42] [43] . However, if integration of MRI/CT images into the TPS is routine in the clinics, combining advanced imaging techniques with these high-tech LINACs remains a challenge. It requires adapting or creating new algorithms and software applications to reliably coregister these functional or metabolic maps with brain anatomy. These essential tools are not yet largely or commercially available, and only a few image-guided dose-escalating radiation protocols have been reported, mainly in monocenter phase II series.
Positive Results from the Dose Escalation Image-guided Radiotherapy Trials Are Still Expected Tsien et al. [12] determined the maximum tolerated dose in 38 consecutive patients treated with a dose escalation scheme consisting of concurrent TMZ delivery and 66 to 81 Gy over 6 weeks.
Radiation boost was based only on contrast-enhancing T1-Gd MRI, using IMRT for SIB. The initial CTV was defined as the T1-Gd contrast enhancement area plus 1.5 cm, and the smaller one (CTV2) had a 5 mm expansion. Pre-radiation 11 C-MET-PET was co-registered for correlations with sites of failure only retrospectively. With a median follow-up of 54 months, the median overall survival was 20 months, and the authors showed that patients could safely undergo concomitant TMZ treatment with 75 Gy in 30 fractions. Additionally, MET-PET appeared to predict the regions of high risk of recurrence that were not defined by MRI.
In a prospective phase II study, Piroth et al. [13] also used a SIB IMRT technique to deliver a boost dose of 72 Gy guided by FET-PET. The CTV-FET 72 Gy was defined from the postoperative PET imaging and covered the volume within a tumor-to-normal brain ratio (TBR) cut off value of FET uptake > 1.6. The initial CTV was the T1-Gd contrast enhancement area plus a 1.5 cm margin. With a median follow-up of 15 months for a total of 22 patients with GBM, the authors reported a median survival of 14.8 months, which was not different from that of the EORTC-NCIC trial. All local relapses were detected within the 95% dose volume of the initial MRI-defined PTV (60 Gy). Because of relevant modifications of brain structures with time, the exact geometric relationship between FET-PET relapse areas and the FET-base boost is difficult to determine. Einstein et al. [44] reported a phase II study defining high-risk tumor volumes using a monovoxel MRS to deliver a stereotactic radiosurgical boost, with one session of 15 to 24 Gy (depending on the volume of the high-risk area) performed 2 weeks before conformal radiotherapy. Feasibility was shown in a series of 35 GBM patients, with a median survival of 15.8 months for the entire cohort and 20.8 months for those who underwent concurrent TMZ treatment. The median follow-up was not reported, and local control was not specifically analyzed.
Finally, Ken et al. [45] published the most advanced study (NCT01507506), an ongoing prospective and randomized phase II trial that integrates multivoxel 3D MRS images into the TPS for GBM dose-painting to guide SIB using IMRT. The reference arm delivers 60 Gy, while the experimental arm delivers 72 Gy within the high-risk sub-volumes (Cho/NAA ratio > 2). The authors have presented their methodology in detail and have shown that it is possible to integrate MRS images into the TPS, delivering high doses without increasing the doses to the OaR. This trial ("Spectro-glio") is set to include 220 patients in 3 years.
Issues: Radioresistance, Dynamic Heterogeneity, and a Variety of Imaging Techniques
The dynamic heterogeneity of each HGG phenotype reflects the complexity of the underlying genotype, which changes over time, beginning very early in response to chemo-radiation [46, 47] . Delivering boost doses exclusively to the highly aggressive areas of HGG is one way to potentially overcome radio-resistance. However, as conventional radiotherapy planning is anatomically defined and remains quite identical during all 6 weeks of the treatment, reevaluating the radiotherapy plan between the third and fourth weeks of chemo-radiation scheme could also be a challenging goal. Incorporation of these functional imaging techniques, such as MRS, PWI, and PET, into the TPS poses serious technical issues.
Basic co-registration of CT and MRI scans uses mutual anatomic information. In contrast, anatomic localization and tissue differentiation are highly degraded in advanced imaging modalities, and external markers or anatomic landmarks, such as osseous structures, cannot be easily identified. Moreover, accurate intermodality spatial alignment is difficult for EPI-based images, such as perfusion and diffusion maps, which suffer from nonlinear geometric distortion due to magnetic susceptibility variations. In the end, the accuracy of hybrid image co-registration using conventional methods is usually low, and approximations derived from different imaging modalities could be added, resulting in errors in detecting "true" relationships between the structural and functional alterations at a very local level.
Dedicated algorithms for threshold-based segmentation (either for CBV or SUV quantification) and reliable co-registration of these dynamic functional maps on static MRI/CT anatomy are still rare, do not share a real common language, and are very operator-dependent. Solutions exist for each of these advanced techniques, such as acquiring anatomic MRI during the same imaging session with similar technique (e.g., T2-weighted for PWI) and tissue contrast, the use of non-linear registration methods to better match the anatomy of the functional and anatomic images, and registering the reference image set (the CT image) in the same scanning position as the functional image set (for PET and MRS). Finally, the heterogeneity in methodology, imaging techniques (either acquisition of the sequences or postprocessing steps), and dedicated software applications are also evident in the various protocols and softwares available for neuro-radiologists. As the European Neuro-oncologic Imaging Platform at EORTC [48] , we will unify our techniques by including full details of the whole workflow of perfusion MRI protocol for all HGGs, similar to the ongoing prospective 26053 and 26101 side-studies.
Next Steps: Combination, Homogenization, Adaptation, and Integration
The current trend is to combine imaging as an integrated multimodality technique. Each of these techniques has the potential to improve delineation for radiotherapy planning over an individual modality. For HGG patients, it will become increasingly feasible to integrate a high-tech, preradiation imaging planning, such as 18 F-DOPA-PET plus, in the same week or ideally simultaneous with PWI and DTI MRI data acquisition, complementary to conventional T2 and T1-Gd sequences.
Hybrid visualization of HGG presenting angiogenic characteristics vs. other mainly infiltrative characteristics will guide the boost for dose-painting and will potentially determine whether concomitant treatment with antiangiogenic and/or antiinvasiveness drugs are needed [49] . Of note, the first PET/MRI machines are available now, and HGG could be a good model [50] . It will be a challenge to adequately determine the timing of the very early evaluations, even per-therapeutically.
Defining new synthetic semi-quantitative metrics, with complete integration and careful interpretation of all these "hybrid" data and fancy images, will be the final "next step"! Received: 2013-11-20; accepted: 2013-12-20.
